Ovine trophectoderm (oTr1) cells were used to investigate effects of epinephrine (EP), norepinephrine (NE), and dopamine (DA) on their proliferation, migration and adhesion, secretion of interferon tau (IFNT), and expression of genes for synthesis of polyamines and apoptosis. Expression of mRNAs for agmatinase (AGMAT), arginine decarboxylase (ADC), ornithine decarboxylase (ODC1), and solute carrier family 7 (SLC7A1) (cationic amino acid transporter, Y + system), member 1 increased (P < 0.05) in oTr1 cells in response to EP and DA. However, expression of SLC7A1 decreased at high doses of EP and expression of ADC mRNA by oTr1 cells decreased in response to 20 and 40 ng/ml NE, and 40 ng/ml DA. Migration of oTr1 cells increased in response to EP, DA, and NE after 48 h of treatment. However, proliferation of oTr1 cells was inhibited by 300 pg/ml EP after 96 h and DA at 20 and 100 ng/ml. EP increased adhesion of oTr1 cells. The secretion of IFNT increased in response to 300 pg/ml EP, 100 ng/ml NE and DA after 48 h and at 96 h, and both DA (40 ng/ml) and NE (100 ng/ml). Expression of mRNAs for apoptotic genes (caspase 3, cathpsin B, BCL2 associated X protein "bax," B-cell lymphoma 2 "bcl2," and proto-oncogene "cmyc") decreased (P < 0.05) in response to catecholamines, but DA did not affect (P < 0.05) expression of cMYC mRNA. These results indicate that catecholamines play important roles in conceptus development during the peri-implantation period of pregnancy through effects on synthesis of polyamines, secretion of IFNT, and expression of apoptotic genes by oTr1 cells.
Introduction
The peri-implantation period of pregnancy is critical for conceptus (embryo/fetus and associated membranes) development, implantation, and signaling for establishment of pregnancy [1, 2] . Embryonic mortality in sheep and other mammals ranges between 20% and 40% during the peri-implantation period of pregnancy [3] and remains an unsolved problem in animal production [4] . Most embryonic deaths occur during the peri-implantation period of pregnancy due to deficiencies in conceptus development, pregnancy recognition signaling, or insufficient histotrophic nutrition from uterine secretions and/or transport of nutrients into the uterine lumen from maternal blood [5] . Histotroph secreted or transported into the uterine lumen by uterine luminal (LE), superficial glandular (sGE), and deeper glandular (GE) epithelia and contains amino acids, glucose, fatty acids, minerals, and polyamines which are essential for conceptus development and survival [6] [7] [8] . Interferon tau (IFNT) secreted by mononuclear ovine trophectoderm (oTr) [2] is the sole antiluteolytic factor responsible for recognition of pregnancy in ruminants. IFNT ensures maintenance of the corpus luteum and its secretion of progesterone by abrogating the mechanisms for pulsatile secretion of luteolytic prostaglandin F 2α by uterine epithelia [2, 9] .
Amino acids are essential for synthesis of proteins and other nitrogenous substances such as polyamines, catecholamines, polyamines, and nitric oxide [10] . Dopamine (DA), epinephrine (EP), norepinephrine (NE), and serotonin are members of a group of neurotransmitters called biogenic amines. Dopamine and norepinephrine can play an important role in basic developmental processes such as embryogenesis and morphogenesis, as well as proliferation, differentiation, and migration of cells. Ovine trophectoderm cells secrete NE and DA that may have significant effects during the peri-implantation period of pregnancy [11] . In gilts, NE and DA increase in uterine flushings between days 12 and 14 of gestation compared to that in uterine flushings from nonpregnant gilts [12] . However, there is no published evidence regarding EP in uterine flushings from cyclic gilts and ewes. Dopamine is not only a precursor to NE and then EP in the biosynthetic pathway for these neurotransmitters, but also an independent neurotransmitter [13] . Results of several studies suggest that DA is important for embryofetal development, particularly in motor and cognitive neurological programming [14, 15] .
Arginine is transported into conceptuses via its major transporter SLC7A1, i.e. solute carrier family 7, (cationic amino acid transporter, y + system), member 1 and then metabolized to either nitric oxide by nitric oxide synthase 3 (NOS3) or putrescine via ornithine decarboxylase (ODC1). Putrescine is the precursor for the other two polyamines: spermidine and spermine [6] . Polyamines have two or more primary amino groups-NH2 and are required for all living cells. Polyamines are products of arginine catabolism required for essential cell functions such as DNA and RNA stability and protein synthesis [16] [17] [18] . Additionally, polyamines play an important role in proliferation of oTr cells, as well as supporting growth and development of the ovine conceptus [19] [20] [21] . Depletion of cellular polyamines results in a total arrest in translation of mRNAs and functional aspects of mammalian cells [22] . Agmatine, another product of arginine derived due to the action of arginine decarboxylase (ADC), is a component of the normal uterine environment [23, 24] and it is also the precursor for synthesis of putrescine by agmatinase (AGMAT) [25, 26] via the ADC/AGAMAT pathway.
Apoptosis is a marker for evaluation of embryo quality since fragmentation of blastomeres is associated with a decrease in viability of blastocysts [27] . These fragmented cells are considered to result from programmed cell death with typical feature of apoptosis. The impairment of fragmentation in developing blastocysts may lead to the arrest of cleavage and degeneration of embryos and blastocysts [28] .
Apoptosis is regulated by the activity of pro-and anti-apoptotic genes during the pre-implantation period of embryonic development [28] . Preimplantation embryos undergo apoptosis or cellular fragmentation at the blastocyst stage, primarily in the inner cell mass [29] [30] [31] . Apoptosis of pre-implantation embryos has been documented in cattle [32, 33] and mice [34, 35] , as well as in humans embryos in which there is fragmentation of blastomeres [30, 36] .
Cellular apoptosis is dependent upon the actions of and interactions among a number of gene products that either suppress or activate apoptosis. Expression of Bax and Caspase-3 genes is greater in poor quality preimplantation embryos compared with good quality embryos in the same stages of development [37, 38] . Moreover, embryos with poor morphology have greater expression of both BAX and BCL-2 while expression of caspase is associated with fragmented nuclei of blastocysts [39] . Cathepsin B is a lysosomal cysteine proteases that has an important role in intracellular proteolysis [40] . Cathepsin B is expressed in bovine oocytes and cumulus cells [41, 42] and expression of Cathepsin B mRNA is greater in cumulus cells with low developmental competency than in cumulus oocyte complexes with high developmental competency [41] .
C-Myc is a key regulator of many cellular processes, including proliferation, apoptosis, and differentiation of cells [43] . Activation of c-Myc downregulates cell adhesion molecules, including a range of integrin subunits, in epidermal and hematopoietic stem cells [44, 45] , and c-Myc can act directly on the promoter of gene-encoded components of the extracellular matrix (ECM), integrins, and other cell adhesion molecules, and reduce cell-ECM adhesion [46, 47] which promotes differentiation of embryonic stem cells [44, 45] .
We hypothesized that catecholamines affect the secretion of IFNT and expression of genes related to production of polyamines by oTr1 cells and apoptosis of oTr1 cells. Therefore, the aims of the present study were to (1) determine the abundance of catecholamines (EP, NE, and DA) in uterine flushings from ewes on days 9, 12, and 125 of pregnancy; (2) study the effects of catecholamines on secretion of IFNT and genes related to production of polyamines by oTr1 cells; and (3) determine effects of catecholamines on expression of proteins related to apoptosis of oTr1 cells.
Materials and methods

Experimental animals and collection of uterine flushings
Fifteen pregnant multiparous Rambouillet ewes were included in this study. They were synchronized for estrus using a commercially available Eazi-Breed CIDR (Pfizer, New York) device for 12 days followed by intramuscular injection of 20 mg Lutalyse (Pfizer, New York) at the time of CIDR removal. Estrus (day 0) was detected by a vasectomized ram, and ewes were subsequently mated to intact rams of known fertility. Ewes were ovariohysterectomized on either day 9, 12, or 125 of pregnancy (n = 5 ewes per each day). The lumen of each uterine horn was flushed with 10 ml of physiological saline and examined for the presence of a morphologically normal conceptus on days 9 and 12 of pregnancy. Plasma was collected from each ewe and fetus on day 125 of pregnancy. The uterine flushings and plasma were aliquoted, and stored at -80 • C until analyzed. The experiment was approved by the Institutional Animal Care and Use Committee at Texas A&M University.
Enzyme immunoassay
Enzyme-linked immunosorbent assay kits were purchased from AB-NOVA (Taipei City, Taiwan), and the concentrations of epinephrine (Catalog No. KA3837), norepinephrine (Catalog No. KA1891), and dopamine (Catalog No. KA1887) in uterine flushings, as well as maternal and fetal plasma were determined according to the manufacturer's recommendations and using reagents provided in the EIA kit. The sensitivity for the EP assay was 0.25 ng/ml × C * (C * = Correction factor). The NE assay was linear between 2.5 and 1000 ng/ml and the intra-and interassay coefficients of variation were 4.4 and 3.9% for uterine flushings, and maternal and fetal plasma collected on days 9 and 12 of gestation, respectively. Assay sensitivity for DA was 5.4 to 2000 ng/ml and the intra-and interassay coefficients of variation were 3.1% and 5.0% for uterine flushings, and maternal and fetal plasma collected on days 9 and 12 of gestation, respectively. The standard curve from which the concentration of each catecholamine can be determined was obtained by plotting the absorbance readings for the standards (linear, y-axis) against the corresponding standard concentrations (logarithmic, x-axis). The final results are expressed as pg/ml of EP, NE, and DA. The data were analyzed using nonlinear regression analysis.
Cell culture
An established mononuclear ovine trophectoderm primary cell line (oTr1) from a day 15 sheep conceptus was developed, propagated, and used in the present in vitro studies as described previously [11, 48] . The oTr1 cells were cultured in complete medium (CM), DMEM/F-12 (Dulbecco modified Eagle medium/Nutrient Mixture F-12; Gibco BRL, Grand Island, NY, USA) with 10% fetal bovine serum (FBS) (Gibco BRL), 50 U/ml penicillin, 50 μg/ml streptomycin, 0.1 mM each NEAA ("nutritionally nonessential" amino acids), 1 mM sodium pyruvate, 2 mM glutamine, and 4 μg/ml insulin. The medium was replaced every 2 days, when the cellular density in the dishes reached about 80% confluence, subcultures of cells were prepared at a split at a ratio of 1:3, and frozen stocks of cells were preserved at each passage. For the cell proliferation, cell migration, and cell adhesion experiments and slot blot analyses, monolayer cultures of oTr1 cells (between passages 5 and 12) were grown in CM to 20%-30% confluence in 24-well plates (Costar#3524; Corning, Corning, NY, USA), T25 flasks (Costar#430372; Corning), or T75 flasks (Costar#430641; Corning). Cells were serum-and insulin-starved for 24 h in customized medium (CM-I), further deprived of arginine for additional 6 h (CM-II), and then treated with either (1) epinephrine (E4642: Sigma-Aldrich, St. Louis, MO, USA: 0, 200, 300, 400 pg/ml), (2) norepinephrine (A0937: Sigma-Aldrich: 0, 20, 40, 100 ng/ml), or (3) dopamine (H8502: Sigma-Aldrich: 0, 20, 40, 100 ng/ml) in Arg medium (Arg = customized medium with 200 μM Arg, 5% FBS and 1 ng/ml insulin). For each assay, the design was replicated in three independent experiments.
Cell proliferation assay
The oTr cells were subcultured (10,000 cells/well) in 24-well plates (30% confluent) in growth medium until the monolayer reached 50% confluency and then changed to CM-I for 24 h and then CMII (Arg starved) for 6 h before being exposed to different doses of catecholamines in arginine medium: (1) EP at 0, 200, 300, or 400 pg/ml; (2) NE at 0, 20, 40, or 100 ng/ml; or (3) dopamine at 0, 20, 40, or 100 ng/ml. The medium was changed every 2 days and treated cells were maintained in culture for 96 h. Cell numbers were determined as described previously [11] . Briefly, each well was washed twice with PBS (1X) and then the cells were fixed in 50% ethanol and incubated for 30 min. Thereafter, the ethanol was removed by vacuum aspiration. Janus Green B dissolved in phosphate buffered saline was added to fixed cells (PBS; 0.2% w/v, pH 7.2) for 4 min at room temperature. After removal of stain by vacuum aspiration, the whole plate was washed twice with PBS (1X). Then, the cells were immediately lysed with 0.5 N HCl, and absorbance was read at 595 nm using a microplate reader. The cell numbers were calculated from absorbance readings using the following formula: cell number = (absorbance − 0.00462)/0.00006926 after 48 or 96 h in culture. Each experiment was performed in triplicate.
Cell adhesion assay
The effects of catecholamines on adhesion of oTr1 cells were determined as described previously [11] . Briefly, the oTr1 cells were seeded for 12 h in CM in T75 flasks (Costar #430641; Corning) and then cultured in CM-I without FBS or insulin for 24 h and then in CM-II without Arg for 6 h in the same T75 flask. The cells were then rinsed twice with Ca ++ and Mg ++ Free DPBS (Dulbecco's Phosphate Buffered Saline, LONZA, Walkersville, USA) after vacuum aspiration of medium. Then, oTr1 cells were rinsed with Moscona-EDTA solution for 4 min until the cells exhibited an ovoid morphology. Finally the cells were detached from T25 flasks by incubating them with 0.5% trypsin-EDTA solution (T4174; Sigma-Aldrich) for 2 min at 37.5 • C. The trypsin was inactivated with CM, and cells were seeded (200,000 cells per well) in 24-well plates for 2 h in their respective treatment [EP (0, 200, 300, and 400 pg/ml), NE (0, 20, 40, and 100 ng/ml) or DP (0, 40, and 100 ng/ml)]. The number of adhered cells was determined as described for the cell proliferation assay [11] .
Cell migration assay
The effects of catecholamines on migration of oTr1 cells utilized a 24-well transwell with a porous polycarbonate membrane insert (8 μm pore size; Costar#3422; Corning) as previously described [11, 49] . Briefly, the lower chambers were filled with 0.6 ml of medium containing the various concentrations of catecholamines in arginine medium (n = 3 wells per treatment). Then the oTr1 cells that were pre-deprived of serum and insulin for 24 h and deprived of arginine for an additional 6 h in T75 flask were added (50, 000 cells/well/60 μl) to the upper chamber. After 12 h to allow for migration of oTr1 cells, cells that had not migrated from the upper chamber assembly were removed by scraping with a cotton swab. For evaluation of cells that migrated onto the lower surface, inserts were rinsed with PBS and fixed in 4% wt/vol paraformaldehyde for 5 min. Then, the membranes were cut and placed on a glass slide and stained with 35 μl of Gold antifade reagent with DAPI (4 ,6-diamidino-2-phenylindole) just before a cover glass was affixed. Cells that had migrated were systematically counted in five independent areas using a Zeiss Axioplan 2 fluorescence microscope with Axiocam HR digital camera and Axiovision 4.3 software (Carl Zeiss Microimaging, Thornwood, NY).
Immuno-slot blot analyses for IFNT
The amount of IFNT secreted into the culture medium by oTr1 cells after 96 h of culture in response to treatment with catecholamines was determined using slot blot analysis as reported previously [11, 50] . The concentration of protein concentration in the culture medium was determined using the Bradford protein assay (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard. Briefly, 300 μg of protein from each sample was transferred to a nitrocellulose membrane using a Minifold I slot-blot array system (Sigma-Aldrich). Membranes were blocked in 5% fat-free milk dissolved in 20 mM Tris, 150 mM NaCl, pH 7.5, and 0.1% Tween-20 (TBST) for 2 h at room temperature with gentle rocking. Then, the membranes were incubated overnight with primary antibody at 4 • C with gentle rocking followed by three washes by TBST for 10 min each. Then, the membranes were incubated with secondary antibody at room temperature for 1 h with gentle rocking.
The primary antibody, rabbit anti-roIFNT polyclonal IgG, and secondary antibody, horseradish peroxidase-linked anti-rabbit IgG (Cell Signaling, Danvers, MA, USA), were used at dilutions of 1:15,000 and 1:20,000, respectively. The membranes were washed with TBST as previously and that was followed by development us-ing enhanced chemiluminescence detection (SuperSignal West Pico, Thermo Fischer Scientific, Rockford, IL, USA) according to the manufacturer's instructions. To ensure linearity of chemiluminescent signals, multiple exposures of each membrane were performed. Protein slot blots were quantified by measuring the intensity of light emitted from the immunoreactive slots under ultraviolet light using a Chemi-Doc EQ system and Quantity One software (Bio-Rad). The signals were expressed as the percentage of IFNT immunoreactivity in the denatured state per well after culturing of 10,000 oTr1 cells for 48 and 96 h.
RNA isolation and synthesis of cDNAs
Total cellular RNA was isolated from oTr1 cells after seeding of 120,000 cells in T25 flasks (Costar #430372; Corning) for overnight culture and then changed to CMI culture medium for 24 h, and then CMII for 6 h before exposure to different concentrations of catecholamines for 48 h. The cells were scraped and RNA was extracted using the QIAGEN RNeasy R Mini Kit according to the manufacturer's instructions. Quantification of RNA was performed using the NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific Inc.). The cDNA was synthesized from 1000 ng RNA using the SuperScript TM First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA). Synthesized cDNA was used as a template for real-time PCR amplification using SYBR R Green PCR Mastermix (Applied Biosystems, Warrington, UK). 
Quantitative real-time PCR
Gene expression was assessed using quantitative real-time PCR (qRT-PCR). All primers for agmatine (AGMAT), enzymes for synthesis of polyamines (ADC, ODC1, SLC7A1), IFNT, IGF2, and apoptosis (Caspase 3, Cathepsin B, C-myc, Bax, and Bcl-2) were designed using Primer-BLAST software (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and evaluated for the optimal concentration for assays with cDNA for oTr1 cells [11, 50] . The sequences of forward and reverse primers are provided in Table 1 . Relative expression of mRNAs was normalized to the previously validated housekeeping gene (Tubulin, TUB) and calculated using the comparative Ct method (2 − CT method). Quantitative analysis of gene expression was performed using qRT-PCR. All qRT-PCR were carried out using 5 ng cDNA in 1 μl, 5 pm primers in 1 and 5 μl of SYBR Green PCR MasterMix (Applied Biosystems). The final reaction volume was adjusted to 10 μl with RNase/DNase-free water. The qPCR was carried out using the 7900HT Fast Real-Time PCR System (Applied Biosystems).
Analyses for agmatine and polyamines (putrescine, spermine, and spermidine)
Concentrations of polyamines (putrecine, spermidine, and spermine) and agmatine were determined in culture medium of oTr1 cells treated with different concentrations of catecholamines using the modified procedures described previously [23, [51] [52] [53] . Each 100 μl of medium was acidified with 100 μl of 1.5 M HClO 4 and neutralized with 50 μl of 2 M K 2 CO 3 . The neutralized extracts were used for polyamine analyses by HPLC involving precolumn derivatization with o-phthaldialdehyde reagent after making 1:2.5 dilutions of the treatment medium. 
Statistical analyses
Normality of quantitative parameters (cell proliferation, mRNA expression, and concentrations of polyamines) was assessed using normal probability plots and the Kolmogorov-Smirnov test generated with the UNIVARIATE procedure of SAS. All experimental data are expressed as mean ± standard error of mean (SEM). To determine the effect of different concentrations of EP, NE, and DA on proliferation, adhesion, migration, and mRNA expression of oTr1 cells and for expression of genes for synthesis of polyamines and expression of apoptosis genes, a one-way analysis of variance was used followed by the Duncan multiple comparison test. Statistical analyses were done using SAS R (version 9.2, SAS Institute, Cary, NC, USA). For all analyses, P ≤ 0.05 was defined as significant.
Results
Determination of catecholamines (EP, NE, DP) in uterine flushings, and maternal and fetal plasma Concentrations of EP, NE, and DA in uterine flushings, and plasma from maternal and fetal blood were determined for samples col-lected on days 9, 12, and 125 of pregnancy (Figure 1 ). Concentrations of EP were greater (P < 0.05) in uterine flushings on days 9 and 12 (234.5 ± 2.5, 213.39 ± 4.08 pg/ml) of pregnancy when compared with concentrations in plasma from maternal blood (191.83 ± 5.02, 202.8 ± 1.51 pg/ml, Figure 1A) . Also, the concentrations of EP were 3.5-fold greater (P < 0.05) in plasma from fetal blood than maternal plasma on day 125 of gestation (733.6 ± 176.66 vs 217.105 ± 8.47 pg/ml; Figure 1A ).
Concentrations of NE were less (P < 0.05) in uterine flushings on days 9 and 12 (127.64 ± 16.52 pg/ml, 91.43 ± 11.65 pg/ml, Figure 1B ) of pregnancy compared with concentrations in maternal plasma (815.46 ± 41.76 pg/ml, 786.15 ± 33.79 pg/ml, Figure 1B ). However, on gestation day 125 the concentrations of NE in plasma from fetal blood (2019.44 ± 413.38 pg/ml, Figure 1B ) were greater (P < 0.05) than for plasma from maternal blood (1044 ± 179.1 pg/ml, Figure 1B) .
Concentrations of DA were greater (P < 0.05) in plasma from maternal blood on days 9 (2926.70 ± 335.88 pg/ml) and 12 (2768.07 ± 544.79 pg/ml) of gestation than in uterine flushings on days 9 (909.36 ± 174.81 pg/ml) and 12 (776.99 ± 141.78 pg/ml), and concentrations of DA were Figure 7 . Effects of epinephrine, norepinephrine, and dopamine on expression of mRNAs for AGMAT (agmatinase; A1, B1, C1), ADC (arginine decarboxylase; A2, B2, C2), ODC1 (ornithine decarboxylase1; A3, B3, C3), and SLC7A1 (solute carrier family 7, organic cation transporter, y + system, member 1; A4, B4, C4). Significant effects are indicated by different superscript letters (P < 0.05). All quantitative data are means and SEM. greater in maternal (3860.16 ± 527.78 pg/ml) than fetal (3192.53 ± 422.64 pg/ml) plasma on day 125 of gestation (see Figure 1C ).
Epinephrine, norepinephrine, and dopamine stimulate proliferation and migration of oTr1 cells, but neither norepinephrine nor dopamine induces adhesion of oTr1 cells
Epinephrine increased (P < 0.01) proliferation of oTr1 cells at concentration of 200, 300, and 400 pg/ml than control treatment after 48 h (Figure 2A ), while proliferation of oTr1 cells decreased at 300 and 400 pg/ml after 96 h ( Figure 2B ). Norepinephrine at 20, 40, and 100 ng/ml increased (P < 0.05) proliferation of oTr1 cells compared to controls after 48 h ( Figure 2C) ; however, proliferation of oTr1 cells increased at 96 h in response to 40 and 100 ng/ml NE ( Figure 2D ). Dopamine also increased (P < 0.05) proliferation of oTr1 cells after 48 h at 20, 40, and 100 ng/ml DA ( Figure 2E ), but DA at 100 ng/ml decreased (P > 0.05) proliferation of oTr1 cells ( Figure 2F ).
Neither NE nor DA affected adhesion of oTr1 cells (P > 0.05, Figure 3B ) and C), but EP was increased (P < 0.05) adhesion of oTr1 cells at 200, 300, and 400 pg/ml ( Figure 3A ). Migration of oTr1 cells increased in response to 300 pg/ml EP (P < 0.001, Figure 4A ), 40 ng/ml NE (P < 0.03, Figure 4B ), and 40 ng/ml DA (P < 0.01, Figure 4C ) and after 12 h of treatment.
Effects of epinephrine, norepinephrine, and dopamine on secretion of proteins by oTr1 cells
The effects of catecholamines on release of total proteins by oTr1 cells into the culture medium were determined using the Bradford assay. Epinephrine increased total protein in culture medium after 48 and 96 h ( Figure 5A and B: P < 0.01). However, NE at 40 ng/ml decreased total protein after 48 h ( Figure 5C ), while other doses of NE had no effect (P > 0.05), but at 96 h of culture, NE at 100 ng/ml increased protein in cultural medium ( Figure 5D : P < 0.05). In contrast, DA at 100 ng/ml increased the abundance of total protein in culture medium after 48 h ( Figure 5E : P < 0.05) compared to the control, but effects of other doses of DA were not significant (P > 0.05; Figure 5F ).
Effects of epinephrine, norepinephrine, and dopamine on secretion of IFNT by oTr1 cells
The effects of EP, NE, and DA on secretion of IFNT by oTr1 cells were determined using slot blotting analyses of proteins in culture medium after cells were cultured for 48 and 96 h for each treatment ( Figure 6 ). Epinephrine at 300 and 400 pg/ml increased the secretion of IFNT (P < 0.01, Figure 6A ) at 48 h, but only 300 pg/ml EP increased secretion of IFNT at 96 h (P < 0.05, Figure 6B ). Norepinephrine at 100 ng/ml increased (P < 0.001, Figure 6B ) IFNT secretion by oTr1 cells at 48 h, while NE at 40 and 100 ng/ml increased IFNT secretion after 96 h of treatment (P < 0.03, Figure 6C ). Similarly, DA at 40 and 100 ng/ml increased the secretion of IFNT after 48 h (P < 0.001, Figure 6E ), but only 40 ng/ml DA increased the abundance of IFNT after 96 h of treatment (P < 0.01, Figure 6F ).
Effects of epinephrine, norepinephrine, and dopamine on expression of genes related to transport of arginine and synthesis of polyamines
The effects of catecholamines on expression of genes in oTr1 cells related to the synthesis of polyamines were evaluated using qRT-PCR (Figure 7) . Epinephrine increased the expression of AGMAT mRNA (P < 0.02, Figure 7A1 ) with the greatest effect being at 300 pg/ml in comparison with 200 and 400 pg/ml. The expression of AGMAT mRNA by oTr1 cells increased (P < 0.05, Figure 7B1 and C1) in response to 100 ng/ml NE and DA compared to other doses (20 and 40 ng/ml) of those two catecholamines.
Epinephrine at 300 pg/ml increased (P < 0.001) expression of ADC mRNA by oTr1 cells compared to effects of all other doses ( Figure 7A2 ), and effects of NE at 200 and 400 pg/ml also increased expression of ADC mRNA compared to the control (P < 0.01). NE and DA increased the expression of ADC mRNA by oTr1 cells (P < 0.05) at 100 ng/ml ( Figure 7B2 and C2) ; however, expression of ADC mRNA by oTr1 cells decreased in response to 20 and 40 ng/ml NE and 40 ng/ml DA ( Figure 7B2 and 7C2) .
EP and DA did not affect (P = 0.43, P = 0.38 respectively) expression of ODC1 mRNA by oTr1 cells (Figure 7A3 and C3 ). However, NE at 100 ng/ml increased (P < 0.05) expression of ODC1 mRNA increased compared to other doses of NE and control ( Figure 7B3 ). Epinephrine increased (P < 0.0001) expression of SLC7A1 mRNA by oTr1 cells at 300 pg/ml compared to effects of other doses and control ( Figure 7A4 ). However, EP at 200 and 400 pg/ml decreased (P < 0.05) expression of SLC7A1 mRNA ( Figure 7A4) . Similarly, expression SLC7A1 mRNA by oTr1 cells was greater in response to 100 ng/ml NE and DA (P < 0.001), but effects of other doses were not significant (P > 0.05) ( Figure 7B4 and 7C4) .
Effects of epinephrine, norepinephrine, and dopamine on agmatine and polyamines synthesis by oTr1 cells
The effects of EP, NE, and DA on synthesis of agmatine and polyamines by oTr1 were determined. Agmatine, spermidine, and spermine were more abundant (P < 0.05, Figure 8A , C, and D) in culture medium of oTr1 cells treated with 300 pg/ml EP, but there was no effect on the abundance of putrescine ( Figure 8B ). Norepinephrine decreased the abundances of agmatine and spermidine (P < 0.05, Figure 9A and C) but not spermine ( Figure 9D ) in culture medium of oTr1 cells. Interestingly, the synthesis of spermine by oTr1 cells increased (P < 0.05) in a dose-dependent manner in response to 20, 40, and 100 ng/ml NE ( Figure 9D ).
The synthesis of agmatine, putrescine, spermidine, and spermine synthesis by oTr1 cells increased (P < 0.05) in response to 100 ng/ml DA compared to values for control cells and oTr1 cells treated with 20 ng/ml DA ( Figure 10A , B, C, D, respectively). Spermine synthesis by oTr1 cells increased (P < 0.05) in a dose-dependent manner in response to 20, 40, and 100 ng/ml DA.
Effects of epinephrine, norepinephrine, and dopamine on expression of IFNT, IGF2, and genes related to apoptosis in oTr1 cells
The expression of IFNT mRNA increased (P < 0.05) in response to 300 ng/ml EP compared to other doses of EP and control ( Figure 11A1 ). Meanwhile, NE and DA at 100 ng/ml increased (P < 0.05) the expression of IFNT compared to other doses and control ( Figure 11A2 and A3) . The expression of IGF2 mRNA by oTr1 cells was not affected by the catecholamines at any dose ( Figure 11B1 , B2, and B3, P > 0.05).
The effects of catecholamines on expression of genes related to apoptosis of oTr1 cells were evaluated using qRT-PCR. Both EP and NE decreased (P < 0.05) expression of caspase 3 mRNA by oTr1 cells at different doses in comparison to control values ( Figure 12A1) . Norepinephrine decreased the expression of caspase 3 mRNA at 40 and 100 ng/ml compared with 20 ng/ml and control (P < 0.05, Figure 12B1 ), while DA at 100 ng/ml increased (P < 0.05) expression of caspase 3 mRNA (P < 0.05).
The expression of cathepsin B mRNA by oTr1 cells decreased (P < 0.05) in response to 300 pg/ml EP ( Figure 12A2) . Similarly, NE and DA decreased (P < 0.05) expression of cathepsin B mRNA by oTr1 cells (Figure 12B2 and C2) .
Expression of Bax and BCL2 mRNAs by oTr1 cells in response to catecholamines was similar ( Figure 12A3 , A4, B3, B4, and C3, C4). Treatment of oTr1 cells with 200 and 300 pg/ml EP and 20, 40, and 100 ng/ml NE decreased (P < 0.05) the expression of bax and bcl2 mRNAs, while DA did not increase expression of either bax or bcl2 mRNAs by oTr1 cells (P > 0.05). Epinephrine at 200 and 400 pg/ml decreased (P < 0.05, Figure 12A5 ) expression of cMYC mRNA, while 300 pg/ml EP increased (P < 0.05) its expression. Norepinephrine decreased cMYC mRNA expression ( Figure 12B5 ), while DA had no effect on expression of cMYC mRNA ( Figure 12C5 ).
Discussion
The results of the present study provide the first evidence for the presence of EP in uterine flushing and secretion by oTr cells, and confirmed the report [11] that oTr1 cells secrete NE and DA. During the peri-implantation period of pregnancy in ungulates, proliferation, adhesion, and migration of trophectoderm cells are required for elongation of the conceptus trophectoderm and implantation requires appropriate pregnancy recognition signaling from healthy, morphologically well-developed conceptuses [48, 50] . The elongation of conceptuses is mainly dependent on histotroph, a complex mixture of secretions from uterine LE, sGE, and GE and molecules transported into the uterine lumen by those epithelial cells. Histotroph includes enzymes, growth factors, adhesion proteins, cytokines, hormones, transport proteins, and amino acids [8] . Most early embryonic losses in mammals are attributed to failure of the blastocyst to elongate or inappropriate development of the periimplantation conceptus and account for 50%-75% of failures to establish pregnancy [54] . Results of the present study indicate that EP is present in uterine flushings from ewes on days 9 and 12 of pregnancy whereas Young et al. 1987 [12] did not detect EP in uterine flushing or fetal fluids of conceptuses of pregnant gilts. Thus, EP may have a role in elongation of the ovine conceptus as concentrations of NE and DA decrease in uterine flushing after day 12 of gestation in pigs [12] . Similarly, results of the present study revealed a decrease in EP, NE, and DA in uterine flushing on day 12 compared to day 9 of pregnancy. The changes detected for concentrations of catecholamines indicated that IFNT and/or other secretory products from conceptus may be affected within the uterine lumen. The fluctuations in concentrations of catecholamines between days 9 and 12 of gestations as well as between uterine lumen and maternal blood may allow an appropriate physiological environment for differentiation of the trophectoderm, embryonic development, and implantation. Implantation is a complex process that requires cooperation between trophectoderm elongation due to proliferation and migration of cells, as well as adhesion of trophectoderm to uterine LE and requiring sufficient amounts of polyamines and inhibition of apoptosis. Therefore, the present study investigated the effects of catecholamines on secretion of IFNT and expression of genes related to production of polyamines and apoptosis by oTr1 cells. More-over, the changes in concentrations of catecholamines on day 125 of pregnancy in the present study were consistent with previous results [55, 56] . The concentrations of catecholamines during late gestation were associated with normal intrauterine fetal development in sheep [55] and women [57] .
The results of this study provide the first in vitro evidence that catecholamines can stimulate proliferation, adhesion, and migration of oTr1 cells, as well as secretion of polyamines and the extent of expression of genes associated with apoptosis. During the peri-implantation period of pregnancy, conceptuses undergo a rapid morphological transition from spherical to tubular and filamentous forms to increase the surface area of contact between trophoectoderm cells and uterine LE for absorption of histotroph which is essential for central type of noninvasive implantation [1, 58] . Cell proliferation, defined as an increase in cell numbers by cell division, consists of four major phases, G1, S, G2, and M phases, whereby significant protein synthesis occurs during the G2 phase [50] . Thus, we determine the effects of catecholamines on proliferation and total amount of secreted protein by oTr1 cells at 48 and 96 h after oTr1 cells treatment with either EP, NE, or DA. Proliferation of oTr1 cells increased in response to EP (300 and 400 ng/ml) at 48 and 96 h after initiation of treatments. Epinephrine also stimulates proliferation of myeloma cells [59] ; esophageal squamous-cell carcinoma cells [60] , hemangioma-derived endothelial cells [61] , and bone marrowderived mesenchymal stem cells (BMSCs) [62] . The significant increase in oTr1 cell proliferation may be attributed to stimulation of beta-adrenoceptors by EP [60, 62] . Epinephrine elicited adhesion of oTr1 cells at all doses studied. Epinephrine (300 pg/ml) increased both proliferation and migration of oTr1 cells. Wu et al. [62] Figure 11. Effects of epinephrine, norepinephrine, and dopamine on expression of mRNAs for IFNT (interferon tau: A1, A2, A3) and IGF2 (insulin growth factor 2: B1, B2, B3). Significant effects are indicated by different superscript letters (P < 0.05). All quantitative data are means and SEM.
attributed increases in migration and adhesion of BMSCs after treatment with EP to secretion of cytokines and other humoral factors produced by the injured lung. The results of the present study also suggested that NE and DA enhance proliferation of oTr1 cells in a dose-and time-dependent manner except that DA (100 ng/ml) decreased proliferation of oTr1 cells at 96 h post-treatment.
Interestingly, NE and DA did not affect adhesion of oTr1 cells adhesion. Furthermore, NE increases proliferation and migration, but not adhesion of SV-40 transformed human corneal epithelial cells [63] and BMSCs [62] . Cellular responses to NE are mediated by activation of α1-adrenergic receptors [64] and β-adrenergic receptors [65] . Also, Kodama and Togari [66] demonstrated that NE facilitated proliferation of human osteoblasts by regulation of potassium currents via G (i/o)-protein-coupled α(1B)-adrenoceptors, not via coupling to Gq-proteins. Intravenous injection of DA or its agonist enhanced proliferation of splenocytes while decreasing DA in vivo suppresses proliferation of splenocytes [67] . In another study, Watanabe et al. [68] found that DA plays a significant role in migration and homing of naive CD8 T cells to lymph nodes via DA receptor D3. Moreover, DA receptor antagonists increase proliferation and neurogenesis of embryonic midbrain and mESC in culture [69] . In contrast, DA inhibits VPF/VEGF-mediated microvascular permeability, as well as proliferation, and migration of cultured endothelial cells in vitro [70] .
Although there was no significant effect of NE or DA on secretion of proteins by oTr1 cells at 48 h, total protein in culture medium tended to increase in response to physiological levels of EP and NE (300-400 pg/ml) and DA (100 ng/ml). Polyamines (putrescine, spermidine, and spermine) are essential molecules for embryonic development by stimulating DNA transcription, RNA translation, and protein synthesis, as well as proliferation and migration of cells, and growth and differentiation of tissues [21, 51, 71, 72] . Results of the present study revealed an important role of catecholamines in stimulating expression of genes related to synthesis of agmatine and polyamines. EP, NE, and DA increased expression of AGMAT mRNA. The increased expression of AGMAT mRNA in response to physiological concentrations of the three catecholamines is of importance regarding synthesis and secretion of polyamines.
EP, NE, and DA increased expression of ADC mRNA expression by oTr1 cells indicating an effect of these catecholamines to stimulate synthesis of polyamines via the ADC-AGMAT pathway that is an alternative pathway in oTr for synthesis of polyamines. A previous study revealed that knockdown of translation ODC1 resulted in failure of elongation in about 50% of ovine conceptuses, as well as a decrease in production of IFNT, while 50% of conceptuses that developed normally increased the transcription of genes for AGMAT and ADC and translation of AGMAT mRNA to AG-MAT protein [23] . Results of the present study indicate that the catecholamines did not affect expression of ODC1 mRNA. In contrast, translation of ADC mRNA occurred in response to EP (300 pg/ml), Figure 13 . This model is a schematic for a pathway whereby catecholamines (dopamine, norepinephrine, and epinephrine) from the ovine uterus act via adrenergic receptors on ovine trophectoderm (oTr1) cells to affect expression of genes related to production of polyamines and apoptosis. Alpha adrenergic receptors (α AR); beta adrenergic receptors (β AR); agmatinase (AGMAT); ornithine decarboxylase (ODC1); arginine decarboxylase (ADC); spermdine synthase (spds); spermine synthase (sps); tumor suppressor gene p53 (P53); BCL2 associated X protein (BAX); B-cell lymphoma 2 (BCL2); cathepsin B (cathp B); protooncogene (CMYC). The arrows indicate either an increase or a decrease in translation of mRNAs for proteins, synthesis of polyamines, and migration and adhesion of oTr1 cells. NE (100 ng/ml), and DA (100 ng/ml) to increase activity of the ADC/AGMAT pathway for the synthesis of polyamines.
The cationic amino acid transporters SLC7A1 and SLC7A2 mR-NAs are abundant in uterine LE and GE so that maternal-derived arginine can be transported into uterine lumen to support rapid elongation of ovine conceptuses and synthesis of polyamines [23] . In contrast to expression in the uterus, SLC7A1 and SLC7A2 mRNAs are expressed weakly in the trophectoderm and endoderm of conceptuses during peri-implantation period of pregnancy [7, 4] . Both NE and DA increased expression of SLC7A1, but EP (300 ng/ml) did affect expression of SLC7A1 except for an inhibitory effect at 400 pg/ml. Thus, EP, NE, and DA may affect transport of arginine into the pregnancy uterus and conceptuses during early fetal life. Knockdown of translation of SLC7A1 mRNA in ovine conceptuses resulted in failure of all conceptuses to develop normally or to secrete significant amounts of IFNT [4] . Additionally, the concentrations of polyamines were reduced due to lack of arginine as a precursor for synthesis of polyamines via either the ADC-AGMAT or arginase-ODC1 pathways required for cell proliferation and conceptus elongation.
IFNT is the pregnancy recognition signal from conceptus trophectoderm in ewes and other ruminant species. IFNT abrogates expression of estrogen (ESR1) and oxytocin (OXTR) receptors to prevent oxytocin-induced pulsatile release of luteolytic prostaglandin F 2α [73] . Further, downregulation of expression of progesterone receptor in uterine epithelia is required for expression of P4-induced and IFNT-stimulated genes that support development of the conceptus [73, 74] . Results of this study revealed that EP, NE, and DA, at appropriate concentrations, increased secretion of IFNT by oTr1 cells in culture medium. Thus, effects of catecholamines are to increase proliferation and migration of oTr1 cells and increase expression of IFNT mRNA. Similar results were obtained when oTr1 cells were treated with arginine and agmatine [11] .
In the present study, the effects of catecholamines on expression of IGF2 mRNA by oTr1 cells were investigated. Interestingly, none of catecholamines affected expression of IGF2 mRNA.
The regulation of expression of apoptotic proteins during the peri-implantation period of pregnancy is necessary in order to remove the genetically abnormal cells and maintain the viability of conceptuses [75] . Results of the present study indicate that oTr1 cells express some regulatory genes involved in apoptosis and that expression of those genes is affected by catecholamines. It has been reported that apoptosis was reduced in trophectoderm and increased in inner cell mass during the peri-implantation period of pregnancy [76] . In the present study, expression of caspase 3 mRNA decreased in response to EP and NE, whereas DA (100 ng/ml) increased expression of caspase 3 mRNA. Caspase 3 protein is detectable in some cells of some blastocysts, but not in morphologically intact early stage human embryos [75, 77] . This emphasizes the potential role of catecholamines in regulation of apoptosis in trophectoderm cells during the peri-implantation period of pregnancy.
Cathepsin B induces the apoptotic pathway via activation of initiator caspases rather than executioner caspases, either directly or indirectly [78] . Expression of Cathepsin B mRNA by oTr1 cells decreased in response to EP (300 pg/ml) and both NE and DA (40 and 100 ng/ml, respectively) when compared with control cells. Low developmental competence cumulus-oocyte complexes and decreasing numbers of high-quality embryos were associated with higher translation of Cathepsin B mRNA [41, 42] . Therefore, the effect of catecholamines on regulation of Cathepsin B mRNA is important for maintenance of embryonic quality during the peri-implantation period of pregnancy in ewes.
The expression of BAX and BCL2 mRNAs proteins is related to cell number and DNA fragmentation in in vitro-produced bovine pre-implantation embryos of differing morphological quality [31, 38] . We demonstrated, in the present study, that expression of BAX and BCL2 mRNAs by oTr1 cells decreased in response to EP and NE, while DA did not have a significant effect. Previous studies with human embryos [75] and in vitro produced bovine oocytes and embryos [38, 79] revealed a higher expression of BAX and BCL2 mRNAs in fragmented than morphologically normal oocytes and embryos. Therefore, these results provide further evidence for effects of EP and NE on embryonic morphology during the periimplantation period of pregnancy through regulation of expression of apoptotic proteins by oTr cells.
Changes in expression of cmyc mRNA by oTr1 cells in response to catecholamines were investigated in this study. Except for a stimulatory effect of EP (300 pg/ml), catecholamines decreased expression of cmyc protein. C-Myc protein has been implicated in physiological or pathological growth, apoptosis, metabolism, and differentiation at the cellular, tissue, and organismal levels via regulation of numerous target genes [43] . Furthermore, higher expression of c-myc protein may decrease cell adhesion molecules [44, 45] . Therefore, catecholamines have a potential role in proliferation, migration, and adhesion of oTr1 cells through regulation of apoptotic proteins during the peri-implantation period of pregnancy.
Altogether, results of this study validate secretion of catecholamines by oTr1 cells and their presence in histotroph in the uterine lumen of pregnant ewes. Further, the catecholamines have potential roles in regulating secretion of IFNT and expression of genes related to production of polyamines and apoptosis in oTr1 cells. Further studies are required to understand molecular mechanisms whereby catecholamines exert their effects on trophectoderm cells during the peri-implantation period of pregnancy ( Figure 13 ).
